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O <57) Abstract: A microelectronic programmable structure and methods of forming and programming the structure are disclosed 
^ The programmable stmclme gercraHy include an ion conductor (HO) and a plurality of electrodes (160, 120). IDtxtrka) properties 
r of the structure may be altered by applying a bias across the electrodes, and thus information may be stored using the structure 
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FIELD OP TttR INVENTION 
the present invention generally relates to inicroeiectronic devices. More 
particularly, the invention relates to progfainrnabte suitable for 

use in integrated circuits. 

BACKGHQUMP OP Tftfe ftiyfeNTTON 
Memory devices arfe often used in electronic systems and wrnpnters to store 
information in the form of binary data. These memory devices may be chmcterized into 
. varioSjS types, each tjfpe having associated with it various advantages and disadvantages. 

For example, random access memory ("RAM") which may be found in personal 
confers is typically volatile semiconductor memory, in other words, the stored data is lost 
15 if the power sdurce is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
Volatile in that it must be 'VefreshetT (/.&, recharged) every few microseconds in order to 
maintain the stored data. Static RAM fSRAM") will hold the data alter one writing so long 
as the power source is. maintained; once the power source is disconnected, however, the data 
is lost Thus, in these volatile memory configurations, information is only retained so long 
as the power to the system is not turned oft In general, these RAM devices can take up 
significant chip area and therefore rnay be expensive to manufacture and (fcnsume relatively 
large amounts of energy for data storage, Accortfngly, improved memory devices suitable 
for use in personal compm^s and the nice are desirable. 

Other storage devices such as magnelic sto floppy disks, hard disks 

and magnetic tape) as well as other systems, such as optical disks, CtVRW and DVD-RW 
are ndi^vblatiie, fcivfc eWemery high capacity, and can be rewritten niahy times. 
tMortnnatery, these meittory devices are physically large, are shodc/vforatic^ 
fecpiire expensive mechanical drives, and may consume relatively large amounts of power. 
These negative aspects make such memory devices non-ideal for low power portable 
apphcations such as lap-top and palm-top computers, personal digital assistants (^PDAs"), 
and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, low energy read/write 
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^«^ctorrnen^es^ 

Vt^'itoyiXfo-ttuMidtoi require data storage when the p&ter a turiied off, iron- 
volatile storage device are desired for usein sUc&syslraris. 

One type df Jjrograinmable semiconductor nonvolatile memory device suitable for 
use in" sucn systeins is a programmable readnsdy memory ("PROM') device.'. One type of 
PROM, a V^e-once f ead-iffiary (''WORM') device, uses an array of fusible finks. Once 
progrannraed, the WORM device cannot be reprogranimed. 

Othfer forms of PRGM devices include erasable PROM CTaPROM") and electrically 
erasable PROM (EjgPROM) devices, which are alterable after an initial progranming. 
EPROM device* generally require ah erase step involving exposure to ultra violet light prior 
to prbgrainmmg the device. Thus, such devices are generally not well suited for use in 
portable electronic dWces. EBPROM devices are generally easier to program, but suffer 
from other deficiencies. In particular, EEPROM devices are relatively complex, are 
relatively difficult to inamiracture, and are relatively large. Furthermore, a circuit nichding 
EBPROM devices must withstand the high voltages necessary to program the device. 
Conseqoenfly, EEPROM cost per bit of memory capacity is extremely high compared with 
other mean* ef data storage. Another disadvantage of EEPROM devices is that, although 
they can retain data without having the power source connected, they require relatively large 
amounts of power to program; this power drain can be considerable in a compact portable 
20 system powered by a battery. 

In view of Oie various problems associated with conventional data storage devices 
described above, a relatively non-volatile, programmable device which is relatively simple 
and inexpensive to produce is desired. Furthermore, this memory technology should meet 
the reqiiirements of the new generation of portable computer devices by operating at a 
relatively^ 
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SUMMARY OF Tim TNVPKrfirvN| 
The preset invention provides improved microelectronic devices for use in 
integrated circuits. More particularly, the invention provides relatively non-volatile, 
30 programmable devices suitable for memory and other integrated circuits. 

The ways in which the present invention addresses various drawbacks of nOw-known 
programmable devices are discussed in greater detail below. However,.in general, the 
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present ittvefflioiS provides a programmable device thai is rehinVely easy and iObxpeishrfe tb 
manufacture, and wliich is relatrVdyeasy toprogim 

In accordance with one exemplary embodiment of fhe present iweirtion, a 
ffognttmwblestoc^ Theslractare 
is configured Such that when a Has is applied across two electrodes, one or more electrical 
properties of the structure change. In accordance with one aspect of this embodiment; a 
resistance across the structure changes when a bias is applied across the electrodes. In 
accordance with other aspects of this embodiment, a capacitance or other electrical property 
of the structure changes upon apphcation of a bias across the electredes. One or more of 
these electrical changes nay suitably be detected. Thus, stored Mamation may be retrieved 
from a circuit including the structure. 

In accordance with another exemplary eribwlimert of the mventi^ 
structure includes an ion conductor, at least two electrodes, and a barrier interposed between 
at least a portion of one of the electrodes and the ion conductor. In accordance with one 
15 .aspect of this embodiment the barrier material includes a material configured to reduce 
diabiiim of ions between the ion conductor and at least one electrode. The diffusion barrier 
may also serve to prevent undesired electrodepbsft growth within a portion of the structure. 
In accordance with another aspect, the barrier materia] includes an insulating material. 
Inclusion of an insulating material increases the Voltage required to reduce the resistance of 
the device. In accordance with yet another aspect of this embodiment, the barrier includes 
material that conducts ions, but which is relatively resistant to the conduction of electrons. 
Use of such material may reduce undesired plating at an electrode and increase the thermal 
stability of the device. 

In accordance with another exemplary en»bcdiment of the invention, a programmable 
; fin^eclro^ on a 0 f a ^bstrate by formnig a first electrode on 

th^ : substrate, depositing a layer of ion conductor material over the first dectrode, and 
depositing conductive material onto the ion conductor material. In accordance with one 
aspect of this embodiment, a solid solution including the ion conductor and excess 
conduciive material is formed by dissolving {e.g., via thermal and/or photodissohition) a 
portion of the conductive material in the ion conductor. In accordance with a forther aspect, 
only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remains on a surface of the ion conductor to form an electrode on a surface of the 
ibn conductor material. 
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. toa^aft*witoanbf^ 
ajtogrannnable ^ctore is fohied TriUrib a through-hole or via in an insolatbg material 
In acxbrdance with one aspect of this embodiment, a first electrode feature is formed on a 
snifate of a substrate, insulating material is deposited onto a surface of th e electrode feature, 
a Via is formed Within the inSttlating material, and a portion of the jrograminable strtctare is 
formed Wiumtbe via. After the via is formed within the insulating nMerial, a j>ordoh of the 
structure within tie. via is formed by depositing an ion conductive material onto the 
contfu<^fnaterial, depositing a second decfrode material onto the ion con* 
^*aesfred,remoVmganyexc^ fa 
accordance with another aspect of this embodiinent, only the ion conductor is formed with* 
thevia. In this case, a first electrode is formed bdow the insulatmg materia 
with the ion eonmctot and the second electrode is fc^ alnm> te 
in contact mth the ion condoctor. The configuration of the via may be changed to alter (e.g, 
reduce) a contact area between one or more of the electrodes and the ion conductor. 
Redudmg the cross-seeticmal area of the interface between the ion conductor and the 
electrode ^increases the efficiency of the device (change in electrical property per amount of 
power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area, between the 
electrode and the ion conductor. In accordance with yet another aspect of this enAodinfent, 
a portion of the ion conductor may be removed from the via or the ion conductor material 
may be directiohally deposited into only a portion of the via to further reduce an interface 
between an electrode and the ion conductor. 

In accordance with another embodiment of the invention, a programmable device 
may be formed on a snrface of a substme. 
/ ,. msc^fllai^with a ferther exemplary etobodimem of to 
itformatkat aire stored in a single progratnmable sbiictore.. in accordance with one aspect of 
this embodiment, a prt^ainmable structure includes a floating electrode interposed between 
two additional electrodes. 

In accordance with yet another embodiment of the hrveiition, multiple programmable 
devices are coupled together using a common electrode (e.g. a common anode or a cominon 

cathode)! 

In accordance With yet another embodiment of the invention, multiple programmable 

devices share a cominon electrode. 
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h accordance wim yet a tbrfoa^ 
capacitance of a prognuimiable structure is altered by causing ions Britain an ion conductor 
of the Structure tb migrate. 

5 BRIEF DESOtiPtloyr OTP THR DRAWIMfiS 

Anwreccroipleteimder^ 
to the detailed description and claims, considered in connection with the figures, wherein 
like reference numbers refer tb similar elements throughout the figures, and: 

Kgnre 1 is a cross-sectional illustration of a ^ogrammable structure formed on a 
10 sdrfecte of a substrate macwrclan^ti^thepresertiirventioii; 

Kgure 2 is a ctc^sectiofial jBustration of a programmable structure in accordance 
with an alternative embodiment of the present invertkm; 

Kgure 3 is a current-voltage diagram illustrating current and.voltage characteristics 
of the device illustrated in Figure 2 in an 'W and "off* state; 
15 Figure 4 is a cross-sectional illustration of a programmable structure in accordance 

with yet another embodiment of the present hrvetition; 

Figure 5 is a schematic ilhistratibn of a portion of a memory device in accordance 
with an exemplary embodiment of the present invention; 

Figure 6 is a schematic ilwslwtion of a portion of a memory device in accordance 
20 with an ahemative embodiment of the present invention; 

Figures 7 and 8 are a cross-sectional illustrations of a programmable structure having 
anioncbnitoctor/dectrodecontartmterfac^ 
accordsncewith another embodiment of the present invention; 
.. . J. Figures 9 and 10 are a cross-sectiohal illustrations of a programmable structure 

. 55 :havag.,ah ion con8^ct6r/dectrode contact iMferfcce formed abok a perimeter of the ion 
■ ■ <^°^tor m ac^rtiahce With y et another embodiment of the present mvention; 
Kgiires 11 and 12 ilhi^te a programmable detf^ 
in accordance whh the present invention; 

Figures 13-19 illustrate programmable device structures with reduced electrode/ion 
30 conductor interface surface area m accordWe with the preseiitiirvelrtion; 

Figure 20. illustrates a programmable device with a tapered ion conductor in 
accordance with the present invention; 
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Figures 21-24 illustrate a firogrammablc device Wrading a floating dectroue & 
accordance T*itB the present invention; aod 

Figures 25-29 illustrate common electrode prtfgrammable device structures in 
accordance with the present invention. 

Skilled artisans will appreciate that dements in the figures are illustrated for 
; . ihnpb'cfty aria clarity and have not necessirih/ been drawn fo scale. For example, the 
ditf eiiaote Of some of the elements in the figures may be exaggerated relative to other 
elentenb to help to improve uihlerstandmg of em 

Hie present invention generally relates to microelectronic devices. More 
particoiariy, the invention relates to programmable structures or devices suitable for various 
integrated circuit applications. 

Figures 1 and 2 illustrate programmable microelectronic structures 100 and 200 
formed on a surface of a substrate 110 in accordance with an exemplary embodiment of the 
present iirvention. Structures ] 00 and 200 include electrodes 120 and 130, an ion conductor 
MO, and Optionally include buffer or barrier layers 155 and/or 255. 

Generally, structures 100 and 200 are configured stich ttet wl^ a Was greater than a 
itoeshbid voltage (V T X discussed in more detail below, is applied across electrodes 120 and 
130, the electrical properties Of structure 100 change. For example, in accordance with one 
embodiment of the invention, as a voltage V ^ V T is applied across electrodes 120 and 130, 
conductive ions Within ion conductor 140 begin to migrate and form an electrodepOsit (e.g., 
*lecn*dej*rit 160 > * «* *»» ™» negative of electrodes 120 and 130; such an 
.-■Oiiu^o^ ba*em r is not required to practice the present invention! The term 
^etlr^eposfc as ased herein mean* ally area within tie ion conductor that has an 
$**W\#a6a»irii* of reduced metal or other conductive' material compared to the 
conception of such material in the bulk ion conductor material As the electrodeposh 
lorins, the resistance between electrodes 120 and 130 decreases, and other electrical 
i*op^es may also change. In the absence of any insulating barriers, which are discussed in 
*ore detail below, the threshold voltage required to grow the electrodeposh from one 
electrode toward the other and thereby significantly reduce the resistance of the device is 
approximately the redox potential of the system, typically a few hunoVed millivolts. If the 
same voltage is applied in reverse, the eJectrodeposit will dissolve back into the ion 
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coifi&ctbr and the device will return to a high resistance state. In accordance with other 
emtedimetits of the invention, application of an electric field between electrpdes 120 and 
130 iray cause ions, dissolved within conductor 140 to migrate and thus cause a change in 
the elected properties of device 100, without the formation of an electrodeposit Structures 
5 1 60 and 200 may be used to store information and thus may be used in memory circuits. For 
example, structure 100 or other progranim&bie structures in accordance with the present 
invention may suitably be used in memory devices to replace DRAM, SRAM, PROH 
fiPAOH or EERkOM devices. In addition, programmable structures of the present 
invention may be used for dther apphcations where programining or changing of electrical 
10 properties of a portion of an electrical circuit are desfctd. 

Substrate 1 10 may include any suitable material. For example, substrate 1 10 may 
include sennck>ndbctive, conductive, semimsulative, insulative material, or any combination 
of such materials.. In accordance with one embodiment of the invention, substrate 110 
kchides an insulating material 112 and a portion 114 including microelectronic devices 
forined on a semiconductor substrate. Layers 112 and 114 may be separated by additional 
layers (not shown) such as, for example, layers typically used to form integrated circuits. 
Because the programmable structures can be formed over insulating or other materials, the 
programmable structures of the present invention are particularly well suited for applications 
where substrate (e.g., semiconductor material) space is a premium. » 

Electrodes 120 and 130 may be formed of any suitable conductive material. For 
example, electrodes 120 and 130may be formed of doped poiysilicon material or metal. 

In accordance with one exemplary embodiment of the invention, one of electrodes 
150 and 130 is formed of a material including a metal that dissolves in ion conductor 140 
^vhen a sufficient bias (V ^ V t ) is applied across the electrodes (oridizable electrode) and 
■^.■oflter electrode is relatively inert and does not dissolve during operation of the 
^o^ammabje device (an ^different electrode). For example, electrode 120 may be an 
anode during a write process and be comprised of a material including silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of ah inert material such as tungsten, nickel, molybdenum, platinum, metal 
silicides, and the like. Having at least one electrode formed of a material including a metal 
ivhicb dissolves in ion conductor 140 facilitates mamtaining a desired dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable 
electrodeposit 160 formation within ion conductor 140 or other electrical property change 
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dffing use 6f sm^cture l6o anoYor 200. PartltoQtare, use of an inert material for the other 
6lfectir<>dfe ((SatHode during a write operation) facilitates eJectrodfesohition of any 
elec^o^epoitt fhat may have formed and/or return of the jtfogrammabJe device to an erased 

During an erase operation, dissolution of any electrodeposh that may have formed 
alt or near the oxidisaMe electrode/dec^eposit interlace. Initial 
dissolution ;6f lite' eteCMM^ri>nt at the oxidizablfe dectrode/dectro^epbat irterfece may be 
f&alHated by forrrang structure 100 such that the resistance of the at the oxidizabie 
dectrode/decn^ interface is greater than the resistance at any other point along the 
dectrodeposit, particularly, the interface between the electrodeposit and the indifferent 
electrode. 

■ ^ way to achieve rdat^ 
elelctrbde of fdiltively inert, non^ddizing material such as platinum. Use of such material 
\fti(k^f€k6ti&^{ijfx^S& at the Merface between ion conductor 140 and the indifferent 
electrode as well as the formation of compounds or mixtures of the electrode material and 
idn conductor 140 material, which typically have a higher resistance than ion conductor 140 
or the dectrode material* 

Rdativeiy low resistance at toe mdnTerent dectrode may also be obtained by 
forming a barrier layer between the oxidizabie electrode (anode during a write operation), 
wteeiri the barrier layer is formed of material having a relatively high resistance. 
E^effiplary high resistance materials include layers (e.g., layer 155 and/or layer 255) of ion 
'ton&GilmB-nM&iU (eg;, AgA Ag^S, AgxSe, A&Te, where x > 2, Ag£ where x ^ 1, 
Oixh- CoO, Cu^ CuSe, Cut e, GeC}*, or S1Q2) interposed between ion conductor 140 and a 
•i6k^h^wA&'a^er. Some of these materials have additional benefits as discussed in 

. ^ l^abie growth and dissolution of an dectrodeJk>sJt Can also be facilitated by 
pifevidihg a rbngbened mdilferent dectrode surface (e.g., a root mean square roughness of 
^eatfer than, about 1 nm) at the dectrotfetfon conductor interface. The roughened surface 
may be formed by manipulating film deposition parameters and/or by etching a portion of 
one of the dectrode of ion conductor surfaces. During a write Operation, relatively high 
dectrical fields form about the spikes or peaks of the roughened surface, and thus the 
electrodeposits are more likely to form about the spikes or peaks. As a result, more reliable 
and uniform changes in dectrical properties for an applied voltage across electrodes 120 and 
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130 msy be obtdindii by providing a roughed intei&ce between the moWerent electrode 
: (cathode (fitting a write operation) and ion conductor 140. 

Oifidiiabie electrode material may have a tendency to thermally dissolve or diffuse 
into ion conductor 140- particularly during fabrication and/ox operation of structure 100. 
5 thermal 

: thus reduce the' change of an electrical property during use of structure 100. 
T6/ed0cemidesired dif&sion of oxidlzable electrode in^ 
/and in ac^dance ^ aribmer embodiment of the invention, the oxidizable electrode 
'^in^d^-a:B^--Mcarcak^ in a transition metal sulfide or selenide material such as 
10 AxCMBj^^vhere A is Ag or Cu, BisS or Se, Mis a transition metal such as Ta, V, and Ti, j 
and x ranges frbm aboiit 0.1 to abott 0.7. The intercalated material mitigates imdesired | 
ttefjbialdifrusiofi : | 

metal to participate iri the electrwleposit growth upon application of a sufficient voltage ! 
. ^ j 
B: Talfe film canmctode up to about 66.8 atomic percent silver. The A^MB^),., material is i ' j 

preferably amorjphtrtis to prevent to prevent undesired Diffusion of the metal though the 1 \ 

material. The ainorphous material may be formed by, for example, physical vapor * 
deposition of a target material comprising A x (MB 3! )j. ;t ; 

d-AgJ is another suitable material for the oxidizable electrode, as well as the | 
26 mdiffWeiit electrode. Sinrilar to the AjMBj)^ material discussed above, a-Agl can serve • I 
as/a source of Ag ^ durfiag operation of strocture 100— e.g, upon apphcation of a sufficient j 
bias, but the silver in the Agl material does not readily thermally diffese into ion conductor j 
140. Agl has a relatively low activation energy for conduction of electricity and does not , j 

require doping to achieve relatively high conductivity. When the bjudizable electrode is [ 
ibimy #A|^ b^l^ of silver in the Agl layer ifiay arise Atting operation of strocture ; \ 

One way to provide the excess silver 
is to form a .sitter layer adjacent the AgJ layer as discussed above when Agl is used as a 
bufret layer. Ihe Agl ^ 

ion conductor 140, but does jiot significantly affect conduction of Ag during operation of 
30 structure 100. In addition, use of Agl increases the operational efficiency of structure 100 

because the AgJ mitigates non-Faradaic conduction (conduction of electrons that do not 1 
participate in the electrochemical reaction). 
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Other materials ^ble far Jayew 155 and/or 255 include GeO* and SiQ* 
Getfc is f ^a^^ pc^biis an witi "soak opr silver during operation of device 
J^-ifc/tfft retard the tkmiai diirbsion of silver to ion contractor 140, compared to 
struck a bofTcTlayer/menion condnctor 140 inclpdes 

geinianioin, Ge<^ itiay be formed by exposing ion conductor 140 to an oxidizing 
at a teniperatnre of about 300 °C to about 800 »C or by exposing ion conductor 
140 to an oxidizing environment in the presence of radiation having an energy greater than 
titebaria^o^ The GeX>2 may also be deposited using physical 

vapor dej>q^on (iGroni a GeQa target) or chemical vapor deposition (from (SeH* and an O,). 

Bufier layers can also be used to increase a ^vrite voltage" by placing the bnffer 
layer GtCh or SiQ*) between ipn conductor 140 and the indifferent electrode. The 
bVifFer material allows nietal such as silver to diffuse though the buffer and take part in the 
electrochemical reaction. 

In accordance with one emtoolment of the invention, at least one electrode 120 and 
130 is formed of material suitable fof tise as an interconnect metal. For example, electrode 
l30ma? form part of an im^connect structure within a semiconductor integrated circuit. In 
accordahce with one aspect of this enibodtoent, dectrode 130 is formed of a material that is 
substantially insoluble in material comprising ion conductor 140. Exemplary materials 
surtahle for both inierwimect and electrode 130 material include metals and compounds 
such as tafejgsteh, nicket molybdemim, platmtim, metal silicides, and the like. 

Lasers 155 arid/or 255 tiiay also include a material that restricts migration of ions 
between conductor 140 and the electrodes. In accordance with exemplary embodiments of 
theinvention, a barrier layer includes conducting material such as tHanium nitride, litanmm 
\ ; -jhe barrier may be electrically mamrenti ic., 

^ : : ^ through stroctore 100 or 200, but it does not itself 
. y c^feote ions'toj^ 20fc An dectrically mdirJerent barrier may 

reduce unde^ired dendrite growth during operation of the programmable device, and thus 
rnay facilitate an 

opposite to that used to grow the dectfodeposh. In addition, use of a conducting barrier 
0 ^owsforthe"*^^ 

prevents diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 
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^t&fotomi^k In ohh exemplary emboduneirt of the ihVbhtioi^ ion conductor 140 
■ Js foiled rf cM6t»gaiidgMtaial 

Ion cbjodoclor 140 nay also suitably incfode dissolved conductive material. For 
tempi* tori conductor 140 may comprise a solid solution that includes dissolved metals 
;5 arid/or nMal ions. In accordance with one exemplary embodiment of the invention, 
:* cbno^ctor 140. includes metal and/or metal ions dissolved in chalcbgenide glass. An 
{ ekemjilary chalcogenide glass with dissolved metal in accordance with the present invention 
mcmdes a Solid solution of AsJ^Ag, Ge^e^Ag, Ge^Ag, As^Cu,, Ge^Se^Cu, 
Ge^ji^Cu, where x ranges from about 0.1 to about 0.5 other chalcogenide materials 
mduding silver, coppe^ zinc, combinations of these materials, and the tile. In addition, 
conductor 140 may include network modifiers that affects mobility of ions through 
cofowctor 140. For fcounple, materials such as metals silver), halogens, hahdes, or 
hyftbgen may be added to conductor 140 to enhance ion mobility and thus increase 
erase/write speeds of the structure 

A Solid ^lotion Suitable for use as ion conductor 140 may be formed in a variety of 
tteys. For fe^m^le, thfe solid sbfotion mdy W forme* by depositing a layer of conductive 
mmerisl such as mfctal over an ion cfcntfoictrve material such as chalcogenide glass and 
ed^smg themes In accordance 

Ttfth one exemplary embotitoent of the invention, a solid solution of As^Ag is formed by 
:0 dejkfciting As& onto a substrate, depositing a thin film of Ag onto the As^ and exposing 
the films to light hiving energy greater than ibe optical gap of the As^-e^., light having a 
^elen^ofle&th^ If desired, netWorfc modifiers may be added 

to conductor 140 Airing deposition of conductor 140 the modifier is in the deposited 
material or present durmg conductor 140 material deposition) or after conductor 140 material 
fc. ii dfed&itecl (e.£, by eXj^smg conductor 140 to an atmosphere mctodLing the network 
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In a^rd^nce Svith another embo^mie^nt of the invention, a solid solution may be 
fbrrneiJ by debiting one of the consents onto a substrate of another material layer and 
reacting the first con^eirt: with a.second constituent . For example, germanium (preferably 
amorphous) may be deposited onto a >rtion of a substrate and the germanium may be 
reacted with H^Se to form a Ge-Se glass. Similarly, As can be deposited and reacted wnh 
the H 2 Se gas, or arsenic or germanium can be deposited and reacted with H 2 S gas. Silver or 
other metal can then be added to the glass as described above. 
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In accordance ivith erne aspect of this embodiment, a solid solution ion conductor 140 
is foiiued by depositing sufficient rnetal onto an ion conductor material such that a portion of 
the metal can be* dissolved wiihih the ion (conductor material and a portion of the metal 
re&ains oh a suriaci of the ion conductor to form an electrode (e:&, electrode 120). In 
accordance vtih alternative embodiments of the invention, solid solutions cortamirig 
dissolved metals may bfe direttry deposited onto substrate 110 and the electrode then formed 
oVerljing the ion conductor. 

An amount, of" conductive material such as metal dissolved in an ion conducting 
material such as chalcogehide may depend on several factors such as an amount of metal 
available for dissolution and ah amount of energy applied during the dissolution process. 
However, isvheh a sufficient amount of metal and energy are available for dissolution in 
chalcogenide nttterMtfsing photodissohrtion, the dissolution process is thought to be self 
limiting, substantially lialring when the metal cations have been reduced to their lowest 
oxidation state: In the case of As^-Ag, this occurs at Ag4As2S3 = 2Ag*S + AsjS, having a 
silver concentration of about 44 atomic percent If; on the other hahtl, the metal is dissolved 
in the dialcogernde material using thermal dissolution, a higher atomic percentage of metal 
in the solid solution may be obtained, provided a sufSrieht amount of metal is available for 
dissolution 

In accordance With a further embodiment of the invention, the solid solution is 
formed by pBdtoulssdlution to form a macrbhphtogeneous ternary com^und and additional 
metal ist added to the solution using thermal diffusion (e.g., in an inert environment at a 
tempttature of about 85 °C to about 150 °C) to form a solid solution containing, for 
example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
conductors liaving a metal concentration above the piotodlssOlutipii solubility level 
facilitates formatici i of elec^e^s* that are mermalry stable at o^^g temperatures 
(t^icaliy afcut' : S$.%>'-akWft 156 of devices 100 and 500. Alternatively, the solid 
solution may be form ed by mermaliy dissolving the metal into the ion conductor at the 
temjpefature noted above; however, solid solutions formed exclusively from photoolssoiuuoh 
are thought to be less homogeneous than films having similar metal concentrations formed 
using photodissohitioh and thermal dissolution. 

Ion conductor 140 may also include a filler material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based materials such as a non- 
conducting, hnmiscibie silicon oxide and/or silicon nitride, having a cross-sectional 
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dimension of less than about 1 nm, *fa'ch do not cohtaW to the gitrWth of an 
cifcctr^eiJosit, In this case, the filler iatenal is present in the ion eoi&ctor ata volume 
_.' percent of im to a&wt 5 p^eent to reduce n BKfcKhood that an dectrodeposit will= 
spoiaaneonsfy dissolve into the supi»r6ig teftafy material as the device is exposed to 
.elevated temperature, wmchleaifetomore stable device operation i without comprwmsing the 
p^orinance of the device. lott conductor 140 may also include filler material to reduce an 
elective cross-sectional area of the ion conductor. In this case, the concentration of the 
filler material, which may be the same filler material described above but having a cross: 
sfectional dimension np to about 50 inn, is present in the ion conductor material at a 
coneentotion of np to abdut 50 percent by volume, the filler material may also include 
metal such as sihrer or copper to fill the voids in the ion conductor material. 

ma^rdancevrithone exemplary enibc<lrmeM of tte^ 
includes a germaniun>selenide glass with silver diffused in the glass. Germanium selenide 
materials are typically formed from selenium and GK^ tdrahedra thatinay combine in a 
variety of toys. In a Sedch region, Ge is *foid coordinated and Se is 2-fold coordinated, 
which means that a glass composition neat Gea^S^ will hav? a mean coordination 
rtomber of abow'2:4. Glass with this coordination number is considered by constraint 
counting theory to be optimally constrained and hence very stable with respect to 
- deVhrificatioa the network in such a glass is known to sefcorganize and become stress- 
free, making it easy for any additive, e.g, silver, to finely disperse and foim a mixed-glass 
solid solution. Aceerdhigly, to accordance with one embodiment of the invention, ion 
conductor 140 includes a glass having a composition of Ge OL ,?Se0.te to Ge^SeM,. 

The composition and structure of ion conductor 140 rnaterial often depends on the 
mating or target material used to form the conductor. Generally, ft is desired to form a 
hombgento material %er fot conm,ctor 140 to facilitate reliable and j^eatabJe device 
perfc«nance. In acc^ance with one embodiment of the invent^ a target for physical' 
vapor deposition of material suitable far ion conductor 140 is formed by selecting a proper 
anYpoule, preparing the ampoule, mamtaining proper tettpeatores during formation of the 
glass, slow rocking the composition, and quenching the composition. 

Volume and wall thickness are important factors for consideration in selecting an 
ampoule for forming glass. The wall thickness must be thick enough to withstand gas 
pressures that arise during the glass formation process and are preferably thin enough to 
facilitate heat exchange during the formation process. In accordance with exemplary 
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«*6atoeM^^ awall tKc*iM5ss of abort 1 mm are used 

.15 form Se arid Te based cfcalcogenide glasses, whereafr quartz aihpoules with a wall 
tMckness of about i .5 mm are used to form solfuf-based chalcogende glasses. In addition, 
the volume of the ampoule is preferably Selected such that the volume of the ampoule is 
about five times gttiater than the liquid glass rffeciirsor material 

Once the ampoule is selected, the ampoule is prepared for glass formation, in 
accordance with one embodiment of the hrvention, by cleaning the ampoule with 
fiydroiiodlic add, eihanol and acetone, drying the ampoule for at least 24 hours at about 120 
"C, evacuating the ampoule and heating the ampoule until the ampoule rums a cherry red 
color and cooling the ampoule under vacuum, fining ampoule with charge and eracuating 
the ampoule, heating the ampoule while avoiding melting of the constituents to desorb any 
remaining oxygen, and sealing the ampoule; This process reduces ertygen confcuniiiation, 
which in turn promotes macrohomogeneous growth of the glass. 

The melting temperature Of the glass formation process depends on the glass 
materia. In the case of germaninm-based glasses, sufficient time for the chalcogen to react 
at low temperature whh all available gerrnaiuuin is desired to avoid explosion at subsequent 
elevated temperatures (the vapor pressure of Se at 920 °C is 10 ATM. and 20 ATM. for S at 
£20*6). To reduce ithe risk of explosion, the glass formation process begins by ramping the 
ampoule temperature to about 300 °C for sdenium-based glasses (about 200 "C for suHur- 
20 based glasses) over the period of about an hour and rnamtainmg this femperature for about 
12 hours. Next, the temperature is elevated slowly (about 0.5 °Gtom) up, to a temperature 
about 50 °Cfugh»1hanthe hquidustfern^ 
. about this temperatnre'for about 12 hours: The temperature is then elevated to about 940°C 
: . • to ensure melting of afi nbjMreacted I geittanium for Se4>ased glasses or about 700 °C for S- 

Tift melted glass wniposm-oa is preferably slow rocked at a ^ 
at leist about six hours to increase the homogeneity of the glass. 

Clenching is preferably performed from a temperatme at wWch the vapors and Ute 
liquid are m an eauitibrium to produce vitrification of the desired composition. In this case, 
the Aching temperature is about 50 °C over the Dquidus temperature of the glass material. 
Chalcogenide-rich glasses include a range of concentrations in which under-constrained and 
over-constrained glasses exist. In cases where the glass composition coordinated number is 
far from the optimal coordination (e.g., coordination numbers of about Z4 for Ge-Se 
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systems) the (h^ehchmg rate has to be last enough in order to ensure vitrification, e.g^ 
quenching in ice-water or an even stronger coolant such as . a mixture of urea and icg-water. 
In the case of optimally coordinated glasses, (Jnenching can be performed in air at about 25 

In ac^btdaiite with one exemplary embodiment of the tnvdbtion, at least a portion of 
structure 106 is fbrased within a via of an insulating lAaterial 150. Forming a portion of 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such formation allows relatively small structures, e.$, on the order of 10 
narjometers, to be formed In addition, insulating material 150 facilitates isolating various 
structures 100 from other electrical components. 

insulating material 150 suitably includes material that prevents undesired diffusion of 
electrons and/or ions from stocture 100. In accordance with one embodiment of the 
invention, material 1 50 includes silicon nitride, silicon oxymtride, polymeric materials such 
as poiyimide or parylene, or any combination thereof 

A contact 165 may suitably be electrically coupled to one or more electrodes 120,130 
to facilitate forming electrical contact to the respective electrode. Contact 165 may be 
formed of any Conductive material and is preferably formed of a metal such as arominnm, 
aluminum alloys, tnn^en, or copper. 

In actordatt^ with One embodiment of the invention, structure 100 is formed by 
forming electrode 130 on substrate 110. Electrode 130 may be formed using any suitable 
method such as, for example, depositing a layer of electrode 130 material, patterning the 
electrode material, and etching the material to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating material onto electrode 130 and substrate 110 and 
forming vias in the insulating material using appropriate patterning and etching processes. 
Ion conductor 140 and electrode 120 may then be formed within insulating layer 150 by 
debating ioia fcfcjfotoctor 140 ' material anil electrode 126 nWerial vvhniri the via. Such ion 
conductor and electrode material deposition may be selective - 7>, the material is 
substantially deposited only within the via, or the deposition ^oeesses may be relatively 
nonselective. If ojne or more non-selective deposition methods are used, any excess 
material remaining on a surface of insulating layer 150 may be removed using, for example, 
chemical mechanical polishing and/or etching techniques. Barrier layers 155 and/or 255 
may similarly be formed using any suitable deposition and/or etch processes. 
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Inform^onn%be 

maniptdatn^ For estample^ aiesistanceof 

a stracftre may be changed from a "0* or off state to a "F or on state during a suitable write 
operation. Similarly, the device may be changed from a "F state to a "<T state during an 
erase operation. In adoption, as discussed in more detail below, the stroctare may have 
ntuitifle programmable states such that multiple bits of information are stored in a single 
structure. 

WMTB OPERATION 

Figure 3 ilhislraf es oirrent-voha'ge characteristics of a programmable strtaure (&& 
structure 200) in accordance With the present invention. In the illustrated embodiment, via 
. diameter, D, is about 4 microns, conductor 140 is about 35 nanometers thick and formed of 
GeaSer Ag (near MGe^X decide 13"0 is ^different and formed of nickel, electrode 
120 is formed of silver, and barrier 255 is a natrve nickel «»de. As illustrated in Figure 3, 
tufrent through structure 200 in an off state (curve 310) begins to rise upon application of a 
bias of over about one volt; however, once a write step has been performed (ic, ah 
eleclrodeposit has formed), the resistance through conductor 140 drojte significantry (/.&, to 
about 200 ohms), illustrated by curve 320 in Figure 3. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, an 
dectrodeposH begnfe to forin near electrode 130 and grow toward electrode 120; An 
effective threshold voltage (i.e., voltage required to cause growth of the electrodepOsit and to 
break through barrier 255, thereby coupling electrodes 320, 330 together is relatively high 
because of barrier 255. In particular,, a voltage V£ V T must be applied to structure 200 
suffidfept to cause electrons to tuntiel through barrier 255 (when barrier 255 comprises an 
in^l^^ by tUMeBng 

ihroufeh Of leakage) and ctfccroct throttgjb conductor 140 and at least a portion of barrier 255. 

In accordance with alternate embodiments of the invention, Where no insolating 
barrier layer is present, an initial < Svrite w threshold voltage is relatively low because no 
insulative barrier is formed between, for example, ion conductor 140 and either of the 
electrodes 120, 130. 
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A state; of the device (&& 1 or 0) may be read, without significantly disturbing the 
state, by, fox example, applying a forward or reverse bias of magnitude less than a voltage 
Ufrestold (iibout 1.4 V for a strdcture ilmstrated in Figure 3) for electrodept^on or by 
using a current limit which is less than or equal to the nmmma prograrnming current (the 
ctoem which will produce the highest of the on resistance values). A current limited (to 
about l inilfiamp) read operatic In this case, the voltage is swept 

from Q to about 2 Vahd the current rises Up to the set limit (from 0 to 0.2 V), indicating a 
low resistance? (dhtoiotoear current-voltage) W state. Another way of performing a non- 
disturb read operation is to appfy a pulse,- with a relatively short duration, which may have a 
volfege higher than the dectfochemical deposhion threshold voltage such that no appreciable 
*^toccurreMflow^ 
not into the eleetrodeposition process. 

15 ERASE OJ^MTiON 

A programmable structure (e.£, structure 200) may suitably be erased by reversing a 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
greater than the threshold voltage for eiectrodeposition in the reverse direction In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 
20 (V^V t )isapphedto 

initial connection but is typically less than about 1 millisecond to return structure 200 to its 
"ofT state having a resistance well in excess of a minion ohms. In cases where the 
J>ro|3ramnaable structure does not include a barrier between conductor 140 and electrode 120, 
: a threshold voltage for erasing the structure is much Imver tkm a threshold voltage for 
writer^ unlike the write operation, the erase operation" does not require 

electron tuntidmg tnrc^^ a barrier c* bart 

CONTROL OF OPERATIONAL PARAfcfiTIfcRS 

the concentration of conductive material in the ion conductor can be controlled by 
applying a bias across the programmable device. For example, metal such as silver may be 
taken out of solution by applying a negative voltage in excess of the reduction potential of 
the conductive material. Conversely, conductive material may be added to the ion conductor 
(from one of the electrodes) by applying a bias in excess of the oxidation potential of the 
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material. Thus, for example, if the cctoductive material cona&frauotf is above that desired 
for a particular device ^fiegtitin; tte concem^on can be reduced by reverse biasing the 
device to reduce the c^ncentraiion of the ccarfoctrve JuateriaL SMarly, metal iiiay be 
added to the solution from the oxidizable electrode by applying a sufficient forward bias. 
Additionally, it is possible to remove excess metal build xtp at the indffierent electrode by 
applying a reverse bias for an extended time or an extended bias over that required to erase 
the device Under normal operating conditions. Omtrol of the conductive material may be 
accomplished automatically using a suitable microprocessor. 

this tedinique may also be used to form one of the electrodes from material WitJhm 
the ion conductor material. For example, silver from the ion conductor may be plated out to 
form the oxidizable electrode. This allows the oxidizable electrode to be formed after the 
device is folly formed afid thus mitigates problems associated with conductive material 
diffusing from the Oxidizable electrode during manufacturing of the device. 

As noted above* in accordance with yet another embodiment of the invention, 
15 multiple bits of data may be stored within a single programmable structure by controlling an 
amount of electrodeposit which is formed during a write process. An amount of 
electrodep6sit that forms during a Write process depends on a number of coulombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 
Equation 1, where R« is the "on" state resistance, V T is the threshold voltage for 
electrodeposhion , and luy 'is the maximum current allowed to flow during the Write 
operation. 

Equation 1 

25 In practice, the limhatidn to the amount of information stored in each cell will 

depend on how stable each of the resistance states is with time. For example, if a structure is 
vnih a programmed resistance range of about 3.5 Mi and a resistance drift over a specified 
time for each state is about ±250 O, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored within a single structure. In the limit, for near 
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zero drift in resistance in a specified time Bruit, irrfbrmation could be stated sis a continuum 
of states, m analog form. 

. A portion of an integrated circuit 402, including a programmable structure 400, 
configured to provide additional isolation from electronic components is ilmstratetfin Figure 
4. In acc6rda£Bfce with an exemplary embodiment of the present invention, structure 400 
\ ; includes electrodes 420 arid 430, an ion conductor 446, a contact 460, and an amorphous 
silicon diode 470, such as a Schottky or p-n junction diode, formed between contact 460 and 
electrode 420. Rows and columns of programmable structures 400 may be fabricated into a 
high density configuraiion to provide extremely large storage densities suitable for memory 
circuits. In general, the maximum storage density of memory devices is limited by the size 
and complexity of the column and tow decoder circuitry. However, a programmable 
structure storage stack can be suitably fabricated overlying an integrated circuit with the 
entire semiconductor chip area dedicated to row/«>himn decode, sense amplifiers, and data 
mlainagement circuitry (not shown) since structure 400 need not use any substrate real estate, 
In this manner, storage densities of many gigabits per square centimeter can be attained 
using programmable structures of the present invention. Utilized in this manner, the 
jprogranimable structure is essentially an additive technology that adds capability and 
fuJrctiohaiity to existing semiconductor integrated circuit technology. 

Figure 5 schematically illustrates a portion of a memory device including stracture 
400 having an isolating p-n junction 470 at an intersection of a bit line 510 and a word line 
520 of a memory circuit Figure 6 illustrates an afternatrve isolation scheme employing a 
transistor 610 mterpdsed between an electrode and a contact of a programmable structure 
located at an mtersectidn of a bit line 61 0 and a word line 620 of a memory device. 

Figures 7-10 illustrate programmable devices in accordance with another 
embfto^ent of the invention The devices illustrated in Figures 7-10 have an electrode (e.g., 
the cath6de ifermg a write process) witn a stnaiter cross sectional area in contact whti the ion 
conductor compared to the devices illustrated in Figures 1-2 and 4. the smaller electrode 
interface area is thought to increase the efficiency and endurance of the device because an 
increased percentage of ions in the solid solution are able to take part in the electrodeposit 
formation process. Thus any cathode plating from ions that do hot participate in the 
electrodeposit process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a top cut-away view of a 
programmable device 700 including an indifferent electrode 710, an oxidizable electrode 
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720, mid an ion ctfidoctor 730 forma- overling an insulating layer 740 such as silicon 
oxide, silicon nitride, or the lite. 

Stfttctore 700 is fdrined by depositing an indifferent electrode material layer, and an 
inflating layer 750 overfying isolating layer 740. A via is then formed through layer 750 
arid e^ bang an anisotropic et6h process (e\g, reactive ion etching 

or ion i rnitifog) stich that the via extends to and/or through a portion of layer 740. Tne via is 
then filled /with ion cbriductdr material and is suitably doped to form a solid solution as 
described herein. Any excess ion conductor material is removed from the surface of layer 
750 and electrode 730 is formed, for example using a deposition and etch process. In this 
case, the mdifferem electrode (cathode during write process) area in contact with ion 
conductor 730 is the surface area of electrode 710 about the perimeter of conductor 730, 
rathe? than me are^ ^ Urostrafedin Figures 1-2 and 4. 

Figures 9 and 10 iltostrate a j>r6grainmable device 900 having an indifferent 
electfode 910, aft oxidiziftle electrode 920, an ion conductor 930 and insulating layers 94a 
and M0 in accdrdarice with yet another embodiment of the invention. Structure 900 is 
.simile to structure 700, except that once a via is formed through layer 750, an isotropic etch 
process (e;g, chemical or plasma) is employed to form the via through electrode 910, such 
that a sloped intersection between an ion conductor 930 and electrode 91 0 is formed. 

Figures 11 and 12 illustrate another programmable device 1100, with a reduced 
: elecrrotfetfon conductor Merfate, in accordance with the present invention. Structure 1 100 
intrudes electrodes 11 10 arid 1 120 and an ion conductor 1 130, formed on a surface of an 
insulating Material 1140, rathef than within a via as discussed above. Ih this case, the 
programmable structure is formed by defining an ion conductor 1 130 patter on a surface of 
;insiilati% material 1140 (e.g., using deposition and etch techmques) and forming electrodes 
;tllii);afid ittO,^ 

ca^ ^ f orined ^ m tohtati with 

both a jjtfrtioh of fte ion cbnAicfcr attl the nisulatirig material. Although the thickness of 
the layers may be'varied in accordance with specific apphcations of the device, in a preferred 
embodiment of the invention, the thickness of the ion conductor and electrode films is about 
1 nm to about 100 ma Sub-lithographic lateral dimensions of portions of the device may be 
obtained by overexposing photoresist used to pattern the portions and/or over etching the 
film layer. 
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ftgnre 13 ii&'strates a device 1300 in aecordance with y et another emboofoent of the 
hrvehtioa Structure 1 1300 is similar to the devices illustrated in Figure 7 and 8, except that 
the cross^sectiOnal area of the ion conductor that is in contact with the electrodes is reduced 
fey fillffig a portion of a via with non-ion conductor material, rather than etching through an 
. electtdaela^er. 

: Structiirfe 13<W memoes dedrbdds 1310 arid 1520 and an ion conmictor 1330 formed 
^vithtn atfin&Jat^ lawyer 1340. in this case, ion conductor 1330 is formed by creating a 
trench within msulating layer 1340, the trench hafving A diameter indScated by D2. The 
trerich is' tfeai filled tising, for exainple, interference lithography techniques or corifonnally 
Iming the via with instilaiing material and using an anisotropic eich process to remove some 
of the inflating miterial, leaving a via with a diameter of DX Structure 13<X> formed using 
this /efchtu^ue may have £i6n conductor cross sectional area as small as about lOnm in 
contact with electrodes 1310 and 1320. 

Figures • 14*17 illustrate another embodiment of the invention, where the cross 
sectional area of the ion controctor/electrode interface is relatively small. Structure 1400, 
iltestrat^d in figure 14, mctodes electrodes 1410 and 1420 and an ion conductor 1430. 
Structure 1400 is formed in a manner similar to structure 700, except that the ion conductor 
material is deposited confbrmalry,.uSiiig, for example chemical vapor deposition or physical 
vapor rfe^smrxn, into a trench, and the trench is not filled with the ion conductor material 

Stricture 1500 is similar to structure 1400, except that an ion conductor 1530 is 
formed by etchmg a portion of ion conductor 1430, such that avia 1540 is formed through to 
electrode 14j6. SbiHiture 1600 is similar to structure 1500 and is formed by conformally 
depositing the ion conductor material as described above and then removing the ion 
cdndUctor material from a sfitrfcce of insulating material 1450 prior to depositing electrode 
1420 mate^ be formed by selectively deposing the ion 

conmic^r fffO inaieriai Md bjofy a ^rtiori df the trenth formed in insulating material 1450 
"(fcfc using angled deposition and/or shadowing techniques), removing any excess ion 
conductor material on- the surface of insulator 1450, and forming an electrode 1720 
bVerfying the insulator and in contact with ion conductor 1730. 

Figures 18 and 19 illustrate yet another embodiment of the invention, where a pillar 
or wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1 800, illustrated in Figure 1 8, includes 
electrodes 1810 and 1820 and anion conductor 1830 formed within an insulating layer 1840. 
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fdtiiiiHi *tX*a* ISOdiflcfafet a' pAlir 1*50 of itoolatbg material insulating 
inae^usedtofdi^ Structure 1800 

'Wto*MWi4M&toMd deposition techniqoe discussed above. Strocture 1900 is 
sfaiiifr to sttucwre 1800, except structure 1900 includes a partial pillar 1950 and an ion 
conductor 1930, which fills tte regaining portion of the formed trench. 
«, Kgure 20 flhjslrStes yet another structure 2000 in accordance with the presses* 
inVentiba Strtctute.2000 includes electrodes 2010 and 2020 and an ion conductor 2030 
formed within ah injAilatmg layer 2040. Structure 2000 is formed nshig ah anisotropic or a 
combination of an anisotropic and an isotropic etch processes to form a tapered via. Ion 
c6n*,iptbf2W0isthWfdrm^ 

Kgures 21-24 fltostrate pfogrammable devices in accordance with yet another 
tob^nmeat of the invelttifitL ;^:stttati*t* iwistrated in Figures 21.24 include a floating 
electrode, which allows nmMple bits of information to be stored within a single 
programmable device. 

Stfucmre 2106 included a first electrode 2110, a second, floating electrode 2120, a 
third electrode 2130, ion conductor potions 2140 and 2150, which may all be framed on a 
^bsuatebrwtoflyorpartialry f^ Although structure 

2100 is iltostrated in a Vertical configuration, the Structure may be formed in a horizontal 
c^gte*on, similar to ^etm^ If % 
i<S tiiefir5talid ^ ate fomed of an ^different electrode and the second electrode 

is formed of ai. oxidizable electrode material AHerhatively, the first and third electrodes 
inay be formed of oxiafeable defctrbde material and the second, floating electrode may be 
formed of an mdmrent tetrode material In either case, the structure includes two "half 
.cells," where each haff ten reactions as a programmable device described above in 
> M ^ a ^* i ^ iv;.^^,ceff kprefeftbly configured such that the resistance of 
. ^ha^celi differ* when ^ m ^ 

' State. ' " • ' ' /,•:• • 

lh toe cise when floau^ electro^ 
bits of data may be stored as follows. The overall impedance of structure 2100 is 
approximately equal to toe resistance of portions 2140 and 2150. When no electrodeposH is 
formed within either portion, this high resistance state may be represent by the state 00. 
When a voltage is applied to structure 2100, such that electrode 2130 is positive relative to 
electrode 21 10 and the applied bias is greater that the threshold voltage required to form an 
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electrodeposit m portion il AO^ an dectrodeposit 2160 will form through conductor pcation 
2140 from efecttocte 21 10 toward floating electrode 2120 as iltostrated in Figure 22. Under 
this condition, Sn dec^q^osit will not form wiroin conductor portion 2150 because portion 
2150 is Under a reverse bias condition and thus will not support growth of an electrodeposit 
The growth of the ejeeo^eposit will change the impedance of portion 2140 from Zj to Z/, 
{bus cliangbsg the overall impedance of structure 2100, which may be represent by the state 
01. the current level used to form electrodeposit 2160 shotild be selected such that h is 
suffiritfttiy iow> aDowing the electrodeposit to be dissolved upon application of a sufficient 
revetse bias. A third State miry be formed by revising the polarity of the applied bias across 
electrodes 2110 anil 2l3t>, sbch that most of the voltagfc drop ocfcurs across the high 
resstancfe ten conductor pbrtfon 2150 and formation of an electrodeposit 217b begins as 
iltosntrted in Pigure 23, without causing electr^epwft 2160 to dissolve. The impedance of 
portion 2150 changes from Z% to Za\ and the overall impedance of structure 2100 is Z\ plus 
%t\ which may be rl^esented by the state 11. Once both half cells are in the write state, 
electrodeposit 2160 and/or 2170 may be dissolved by applying a sufficient bias across one or 
both of the half cells. Eiectro^epbsjt 2170 can be erased, for ejfcample, by sufficiently 
negatively biasing electrode 2130 with respect to electrode 2110, which may be represented 
by a state 00. The font possible states, along with the current limit used to form the state, are 
represented in table 1 below. 


SHE! 

1— ^ 

IBMllI 


IBBl 


i 

^b-thteshold 

Zero 

Zi 


00 

2 

Upi>eir + I^Wer-- 

Low 

Z,> 


01 

3 

tipper ~%J&n& + 

Low 

Z,' 

V 

11 

4 - - < 



zv 


10 


Table! ; 


Structure 2100 can be changed to 11 from state 10 by applying a low current limit 
bias to grow eJectrodep^ Similarly, structure 2100 can be changed 

from State 11 to state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper electrode 2130 is positive with respect to lower electrode 
2110. Finally, structure 2100 can be returned to state 00 using a short current pulse to 
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.ttsaatony' dissolve elecirodeposit 2160, using a current which is high enough to cause 
iocalfced heating of the electrofcsposit. ibis will increase the meudconceinisstion in the 
hatf-ccO bbt this excess metal can be removed electrically from the cell by plating it back 
Goto the Abating electrode, this sequence is sommarized in table 2 below. 



Basting state 
tfoef+tower- 

tJpper+Lolifer- 


Low 
High 
Thermal 


Z,' 
Z,' 
Z, 


Z,' 
Z/ 
Z» 


.10 
11 
01 
00 


Table 2 


Other write and erase sequences aYe also possible (as are other definitions of the 
VMfous states represented by the half-cell impedances). For example, it is possible to go 
from state 00 to either state 01 or state 10, depending on the write- polarity chosen. 
Simflarly.ftis possftfeto go fromstaten 'to It is also possible to 

go from state i 1 to state 00 by the application of a current pulse (in either direction) which is 
high and short enough to thermally dissolve the electrodeposits in both half-cells 
Simultaneously. 

In addition to storing information in digital form, structure 2100 can also be used as a 

noise-tolerant, low ehftrgy anti-fuse element for use in field programmable gate arrays 

(EtfGAs) and field configurable circuits and systems. Most physical anti-fuse technologies 

require largfe cuireWs and Voltages to make iperWane^cofi^W the n eed for jidch high 

& gefierafl? considered to be so^hat beneficial as this 
re^ctatfeluYel^ood of^a^ 

situations. However, the use of high voltages and large currents on chip represent a 
significant problem as all components in the p^ognuiuuing circuits are typically sized 
accordingly and the high energy consoaiptioii reduces battery life in portable systems. 

Figures 25-29 illustrate structures in accordance with another embodiment of the 
invention in which multiple programmable devices include a common electrode (e.g., the 
devices share a conunbu anode or cathode. Forming structures in which multiple structures 
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shaire a common electrode is advantageous because such structures allow a higher density of 
cells to be formed cm a grveti substrate surface area. 

: Kgutes 25 aod 26 ffliistrate a structure 2500, having a horizontal comfiguration and a 
ttoxm>h dectrode. Structure 2500 includes an electrical cormector 2510 coupled to a 
coinmon surfece dettrtftte 2520, electrode* 1530 and 2540, and ion conductor portions 2550 
and 25& D^tyblg ^ 

bft lines ai described above by forming a row of electrodes (e.g., anodes) coupled to 
c^ffiractor 2510, and colforfns of oppositely bias electrcnfes (eeg., cathodes) running 
perpendicular to electrodes 252D. A conductive plug, formed of any suitably conducting 
material can be used to ele^ncafly couple electrode 2520 to conductor 2510> Although 
jltostrated with a horizcxirtal (jonfiguratiWn, common electrode structures in accordance with 
this embedment may be formed iasing structure* having a vertical configuration as described 
herein. 

Figures 27 and 28 ilfastrate additional structures 2700 and 2800 toving a common 
electrode shared between Wo or more devices Stritctures 2700 and 2800 include a common 
electrode, electrodes 2726 and 2725, ton conductors 2730,2735 and 2830, 2835 respectively, 
and bating layers 2740 and 2750, Structures 2700 and 2800 may be formed using 
tecMcmes described above in connection with Rgures 15 and 16— e.g., by confonrially 
depositing ion conductor material within a trench of an inflating hy&. In accordance with 
another embodiment of thei invention, tmiecuoflal deposition may be used to form a structure 
similar to structure 1700. Structures 2700 and 2&00 each include two programmable devices 
inctodmg coifimon electrode 2710 an ion conductor (e.g., conductor 2735) and another 
electrode (e.g., electrode 2725). Dielectric material 2750 is an inflating material that does 
.not mterfere with sitffece electrbdeootft growth, such as silicon oxides, silicon nitrides, and 

^em\fc ..: " ? " " 

ftgure 25 fllustrates a stoiciure 2900 iiKstoding nmliiple ^^anmkble^eSdces 2902- 
2916 formed about a colninon electrode 2920. Each of the devices 2902-2916 may be 
formed using the niethod described ^ In Ae embodiment 

illustrated in Figure 29, each of electrodes 2930-2936 and 2938-2944 may be coupled 
together in a direction perpendicular to the direction of common electrode 2920, such that 
electrode 2920 forms a bit line and electrodes 2930-2936 and electrodes 2938-2944 form 
word lines. Structure 2900 may operate and be programmed in a manner similar to structure 
2 1 00 described above. 


25 


10 


*CT/VSbViS266 

Ifi al^o^c* with Miter ^nbod^W of tte present hrveMm, a programmable 
sirucMe; or device stores irifitttatkiniby staring a charge as opposed to grdwing an 
dec^odepcfsit A c5aj>Sdta6fce of a stratoe or device is altered by apprying.a bias across 
electrode of the device such that positively charged k>ia migrate toward one of the 
electrode* If thtf applied bias is less that a mite threshold voltage, ito short will form 
fctweeii the eleclitdes: Gapacitancfe of the sfoKtae dianges as a result of the ion nugratioa 
Wten the applied bias is reniDved, the Metal ions tend to tfftuse away ffbm the electrode or 
a barrier pftfcfcnate the electrode. However, ah interface between an ion conductor and a 
barrier is generally imperfect and includes defects capable of topping ion* thus, at least a 
]Mori of ioiss mnaii at or proximate an interfice between a barrier aid an ion conductor, 
tfaivritevq^^ 

A progratnibabte structure in accordance with the present invention may be used in 
many a^phcsinons which would otherwise utilize traditional technologies such as EEPROM, 
FLASH or DRAM Advantages provided by me 

15 techniques include, among other things, lower paction cost and the ability to use flexible 
fabrication tecnmques which tire easily adaptable to a variety of apphcations. The 
pro^ammable stfoctufes of the present invention are especially advantageous in applications 
where cost is the prMary concern, such as smart cards and electronic inventory tags. Also, 
an ability to form the memory directly on a plastic card is a major advantage in these 

0 application as this is generaUy not possible with other forms of se^conductor memories. 

Further, in accordance with the programmable structures of the present invention, 
memory elements may be scaled to less than a few square microns in size, the active portion 
of the device being less than on micron, this provides a significant advantage over 

$ c^fateu^ : 

Adtecmatty, the devices of the present Weatiori reo>ire relatively low energy and 
do fibt require ^&esbm&>> thus, the devices are Well suitable for portable device 
applications: 

Although the present invention is set forth 
Rawing fibres, it should be appreciated that the invention is not lunited to the specific form 
shown. For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 
of the present invention may suitably be employed as programmable active or passive 
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d^vict* TVithb a M^^otoic draft: Furttel^ although o^some of the devices ate 
* ^*»dmg buffir, bSniei; or transistor compoiie^ any of theSe winporKiife 
may i>c added to the devices of the present invemioa Vatfiw* other^ m^ 
V^fcatts, m enhantfeirieiits in the design and arrange* of the method and apparatus set 
forth hereto, may be made Ant departing from the spirit andscope of the present 
fcyeM^ 
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Wefclaim: 
. L Aim^roeletir^^ 
5 anion conductor formed of an ion conductive material and conductive ions; 

an m different dectrode proximate the ion conductor. 

i The flnc^ectronic programmabJe structure of claim i, further coimirising a 
10 toiiWayer betw^ 

1 The rjucroolecttomc progratnmable structure of claim 2, wterein the fraffer 
layer cornprises a material selected from the group consisting of Ag*0, Agr&, AgJSe, Ag^te, 
/where x^2,Ag^\vlsere y^ 1, Culj, CuO> CiiS, GuSe, CuTe, Getb, and SiO^ 

15 

4. The xnicroelectronic pfognunmable structure of claim 1, wherein the 


5. The micfoelfecfroriic programmable structure of claim 1, wherein the 
lt> bxidizable electrode comprises a material sdecfed from the group consisting of a transhjon 

metal sulfide and a transition metal selenide. 

6. The microelectronic programmable structure of claim 5, wherein the 
oxidi^ble electrode 

S'SU, : • V^V. y :. ; . ' - [ \ 

7; Th$ tilic^OdectrDnic programmable sb^cture of claim 5/ wherein the 
oxidizable dfectrode comprises TaS* 

.8. The rnicroelectrohic prbgrammable structure of claim 1, wheiein the 
0 oxidizable electrode comprises AgT 

9. The microelectronic programmable structure of claim 8, wherein the 
oxidi2able electrode comprises excess silver. 
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10. The liucroelectrbmc programinabJe structure of claim .1, herein the ion 
conductor comprises a solid solution selected from the group consisting of AsjSi^Ag, 
GexSei^Ag, GejSi^Ag, As^Si^Cu, GexSe^Cu, Ge*Si-*-Co, where x ranges from about 
0.1 to about 03. 

11. The micrcdectronic programmable structure of claim 10, wherein the ion 
conductor con^prises a filler material 

12. The inicroelectroriic programmable structuxie of dafra 1 1, wherein the filler 
material comprises a dielectric and is present in the itiin conductor at a volume percent of xtp 
to abxfbt 50 percent: 

13. The microelectronic programmable structure of claim 11, wherein the filler 
material comprises a dielectric and is present in the ion conductor at a volume percent of tip 
to abont 5 percent 

14. the microelectronic programmable structure of claim 11, wherein the filler 
material Emprises silver. 

15. The nuctoeJectronic programmable structure of claim 1, wherein the ion 
conductor comprises a glass having a composition of Getu7SeM3 to Ge^Set^ 

16. The mrcrodectronic programmable structure of claim 15, wherein the ion 

17. The jDMerc^lectronic programmable structure of claim 1, further comprising a 
transistor in contact with one of the oxidizable or the indifferent electrodes. 

1 8. The microelectronic programmable structure of daim 1, further comprising a 
diode in contact with one of the oxidizable or the mdifferent electrodes. 
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19, The n^crc^lectromc jtfo^animable strbctore of claim i, wherein the ion 
conductor is fdrrbed ivithin a via in an m^lating inatexial layer, 

20. th$ niteroelectrohic programmable structure of claim 19, further contfrising 
5 a diode formed within the via. 


21. The microelectronic programinable structure of claim 19, wherein the ion 
conductor contacts the indifferent electrode about a portion of the perimeter of the ion 
conductor. 


io 
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22. The microelectronic programmable structure of claim 21, wherein the ion 
coliductor contacts the indifferent electrode about a sloped portion of the perimeter of the ion 
conductor. 

23. The microelectronic programmable structure of claim 1, wherein the 
indifferent electrode, the oxidizable electrode, and the ion conductor are formed on a surface 
of an instating material layer. 

24. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a via of a first insulating material layer, and Wherein the 
programmable structure further comprises a second insulating material formed within the 
via. 


25. The microel6ctronic programmable structure of claim i, wherein the ion 
25 c^ionclor is formed along a sidewall of a via formed Within an inhaling layer, 

26. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a sloped via within an insulating material layer. 

30 27. the microelectronic jfrogrammable structure of claim 1, farther comprising a 

barrier layer between the indifferent electrode and the ion conductor. 
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28. The micfrodecfronic pxt>grammaDle StnictiSre of claim 27, wherein the barrier 
Jaiyej Comprises a conductive material. 


29. tfee microelectronic programmable structure of claim 27, wherein the barrier 
layer comprises an insulating material 

30. The itiictodectromcprogramn^ structure of claim 1, wherein surface area 
of ihe indiiferent electrode in contact with the ion conductor is less than the surface area of 
the oxidizable electrode in contact with the ion conductor. 

31. The microphonic programmable structure of claim 1, wherein an interface 
between the mdifrerent elec^e ami the ion conductor is roughened. 

32. AmuM^DprogrBininablemic^oele ' 
a first electrode of a first type; 

a second electrode of a second type; 

a first ion conductive material of a first resistance interposed between the first 
electrode and the second electrode; 

a ubird electrode of a first type; and 

a second ion conductive material of a second resistance interposed between 
the second electrode and the third electrode. 

33. The multi-cell programmable microelectronic device of claim 32> wherein the 
■&d-m-Mtijtocffijfo* comprise an indifter ent electrode material and the second electrode 
coirfpHse^ra 

34: The multi-cell r* oj^animable microelectronic device of claim Z% wherein the 
first and third electrodes comprise an oxidizable electrode material and the second electrode 
comprises an indiiferent electrode material. 

35. A multi-cell programmable microelectronic device comprising: 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 
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a plurality of ion cono^ 
idfi adductor structures is mterposeid between one of the plurality of dectrodes of a first 
t^pe arid one of the plurality of electrodes of a second type, an^ 

therein a plurality of electrodes of a first type are electrically coupled 

together. 

36. the nftlti-cell programmable microelectronic device of claim 35, wherein the 
plurality of electrodes of a first type comprise dxicfizable electrode material 

37; The multi-cell programmable microelectronic device of claim 35, wherein the 
plurality of electrodes Of a first type comprise ^different electrode material. 

38. The multi-cell prograrnmahle miCTbelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within an 
insulating material layer. 

39. The mtiiti-cell programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed on a surface of an 
insulating material layer. 

40. A method of forming a programmable microelectromc structure, the method 
comprising the steps of 

providing a substrate; 

forrrjing a lay er of electrode material of a first type overi^ 

forming an insulating layer overlying the la^ex of electrode inaterial of a first 

■ 

forming a via through the inKulating layer and the layer of electrode material 

of a fost type; 

depositing ion conductor material into the via; and 

fonning an electrode of a second type overlying the ion conductor material. 

41. The method of claim 40, wherein the step of forming a via includes 
isorropically etching the insulating layer. 
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. 42. lie method of claim 40, wherein the step of forming a via includes 
ahisoTropically etching the insulating layer. 


43. the method of claim 40, Wherein the Step of forming a via includes 
picalrV etdiitiEtne layer of electrode material of a first type. 


44. The method of claim 40,. wherein the step of forming a via includes 
anisqtropicaUy etching the layer of electmdemMerialofa first type. 

45. Tne method of claim 46, r^^ 

the elech-offe material of the first type and the electrode material of the second type to 
manipulate a coficentration of conductive material in the ion conductor. 

46. ThemethckIofdaim40,rurlhercori V 

ihe .electrode material of the first type and the electrode material of the second type to 
mandate ran amount of conductive material present in one of the electrode material of the 
first type and the electrode material of the second type. 


i0 41 ^ of cla ^ 40, wherein the step of depositing ion conductor 

• material comprises depositing genrannim onto a surface and reacting the germanium with 
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i£ ; . ^ * efl * d ° f daha 40 ' wKercm ^ ■** of deposfting ion conductor 

3? arsenic onto a surtace and reacting the arsenic vrithflfeSe. 

49. the method of claim 40, wherein the step of depositing ion conductor 
material comprises dej*>i»tiiig germanium onto a surface and reacting the germanium with 


HiS. 


50. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic ontb a surface and reacting Ihe arsenic whhHzS. 
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51. A method of forming a programmable microelectronic device, tie method 
cfth^s^ - 

de|k>sitmg ail electrode nmt 
*5 - ' atid ' ' 

patterning the electrode material layer to form electrodes in contact with the 
".. ioncofiductorirftjcr^ 

52/ the method of claim 51, wherein the step of forming an ion conductor 
10 strucnife c^ onto a surface and reacting the gennanram with 

53. A method of forming an electronic device, the method comprising the steps 

of: 

15 forming a first electrode on a surface of a substrate; 

depo'sto^ar^^ 

forming a Via in the first insulating layer; 

depositing a Second insulating material within a portion of the via; 
debiting ion conductor material within a portion of the via; and 
10 forming a sectfod electrode orerlyiiig the ion conductor. 

54. thfr method of forming an electronic device of claim 53, wherein the step of 
depositing ion cbhiuctor rnaterial comprises the step of deposing the ion conductor material 
wffliin a Via formed in the second insulating materiaL 

• : [::-<--:f.:::J' i :.};; ■ - V ... 

method 6i forming an electronic device of claim 53, wherein the step of 
dejkssilinlg a jsecbia h^atirig material comprised tjsing a directional deposition technique. 

56. The method of forming an electronic device of claim 53, wherein the step of 
30 depositing ah ion c^nbVctor material comprises forming a conform al layer of ion conductor 
materiaL 
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5?. Tfhe inetliod of forming an electronic dewbe of daiih 53, further coinprisang 
the step of xentovnig a pc-rdoh of the ion conductor materia] from a surface of the first 


56. A method of forming a muM-cell programmable dewce, the method 
i^e^epsbf! 

forming a first electrode on a surface of a substrate; 
forming a first ion conductor portion overlying the first electrode; 
forming a setond dectrode overrying the first ion conductor portion; 
forming a sefcond iod conductor portion overlying the second electrode; and 
forming a third electrode overrying the second ion conductor portion. 


59. A method of forming a glass composition, the method comprising the steps 


selecting an ampoule; 

cleaning the ampoule using hydrofluoric acid; 

drying the ampoule for about 24 to about 120 hours at about 120 °C; 

evacuating the ampoule; 

heating the ampoule untU the ampoule turits red; 

filling the ampoule with a charge; 

heating the ampoule to a temperature below the melting temperature of the 
gla^ coristituents; 

ramping the temperature at a rate of about 0.5 degrees per minute to a 
temperature about 50 *C higher than the liquidus temperature of the glass; and 

: , ■ ;.; .^i^thegiass c6n^)6srtibn at a rate of about 20 per minute for a 
i^oidS b£about ^honrfc 
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Group fl, date 3ftr& arid 58 dnr#h to a nm)tf-cd) jpfogrotirnabte <briee and ndhod of fdrmfng thereof, and having ox forming throe 
dettrodes and f#b kin conductive m a te ri als. 

Group claims AO-51 draifrn to ttw* methods 6fltinn&glB |vo£iaB2inablfc ttrotttsr > fcy fonning a via and depositing km condactfve 
inaterafctypaftenfc^e^^ 

Croup IV, date 53-57, dravto Itf a todhWrffori^ cte^hmfcawfec. 
Group V ; claim 59, drafwn to a tee&od of forming a gti& conaposilScb. 

Tte ieac^ are that thw Group V k directed to f onning a £h» 

«MD>*aSon; Grotfp IV is drtWn to fiumn% an etettitane 
a*uch»r,GroppIi&dOT^^ 

having an oxkhzaNe and an m&ffei^ dectrode, and an Ion condDCtor. 


Form PCI71SA/2I0 (second sheet) (July 1998) 


